Transgenic petunia plants with suppressed chalcone synthase gene expression produce abnormal anthers devoid of flavonoid pigments Although viable pollen is produced, pollen germination and tube growth are severely reduced both in vivo and in vitro This results in plants that are self-sterile Pollen from the transgenic plants is partially rescued by Inbred V 26 stigmas, resulting in seed set that is approximately 30 % of normal Female fertility in the transgenic petunia is unaffected by the lack of flavonoids We propose the term conditional male fertility (CMF) to describe the state in which viable but flavonoid-deficient pollen does not function in self-crosses and is partially functional on wild-type stigmas Although this condition has attributes of both male sterility and self-incompatibility, it is clearly different This observation in petunia has similarities to the earlier report of Coe et al ( 1981) that most pollinations made with chalcone synthase (CHS)-deficient maize pollen were unsuccessful The possibility that normal development of the male gametophyte requires flavonoid synthesis in many or all higher plants is discussed The dominant CHS deficiency and male sterility in petunia, taken together with the recessive CHS deficiency and male sterility in maize, suggest that flavonoid synthesis in the sporophyte rather than the gametophyte is required for fertility.
Ten years ago a maize mutant producing nonfunctional white rather than yellow pollen was isolated and characterized (Coe et al 1981) The white pollen mutant sheds normal amounts of nonpigmented pollen, which germinates on the silk, but no seed is set after most pollinations The condition is sporophytically determined by the expression of stable recessive mutations at the two chalcone synthase (CHS) genes in maize, C 2 and Whp CHS catalyzes the rate-limiting step in flavonoid production, and there is a report, but no published data, that the mutant pollen has no detectable flavonoids (Coe et al 1981) Flavonoids are ubiquitous plant natural products that include visible pigments (anthocyanins and chalcones), as well as colorless UV-absorbing compounds (flavonols, flavonones, and flavones) The first committed step in flavonoid production is catalyzed by CHS in petunia as well as in maize Recently, Agrobacteriumn-mediated introduction of a CHS transgene into a pigmented inbred petunia stock was reported to suppress the expression of the endogenous CHS gene(s), resulting in flower corollas completely lacking flavonoid pigmentation (Napoli et al 1990) Because the expression of the CHS transgene is also suppressed in these plants, the term cosuppression has been used to describe this phenomenon (Jorgensen 1990 ) The integrated transgene acts like an unlinked dominant inhibitor of the endogenous CHS gene(s) and leads to a complete block in the production of visible flavonoid pigments not only in flower petals but also in reproductive organs In this paper we report that these transgenic petunias are conditionally male fertile (CMF) In addition, we have initiated histological and biochemical observations on the male parts of these plants in order to determine the manner in which CHS deficiency alters normal pollen development and fertility.
Materials and Methods

Plant Material
We maintained transgenic and inbred V 26 petunia on a 16/8-h photoperiod in a glasshouse supplemented with metal halide lights at an intensity of 300-600 mntol m 2 sec
The transgenic material analyzed consisted of the two independent transformed regenerants 218 38 and 218 41 (Napoli et al 1990) , and individuals from the second backcross generations (BC 2) to the parental V 26 line (population num-bers 2425 through 2435) The T-DNA insertion in these transformants contains CHS c DNA sequences fused to a viral prorooter linked to a neomycin phosphotranslerase II 1 gene as a selectable marker (Napoli et al 1990) We performed crosses by emasculating flowers 24 h before applying pollen All transgenic flowers used for crosses showed no visible signs of pigment Pollen was collected either from newly dehiscent anthers or i)lunll), predehiscent anthers as rioted Inbred line V 26 is a fully self-compatiblle line of pletunia.
Pollen Germination and Tube Growth
We performed in vitro germination on freshly collected pollen in simplified Brewbakers medium, as described in Mulcahy and Mulcahy ( 1988) Pollen from a single anther was placed in a microtiter well with 50 1 l of mlediurm, rocked at room temperature for 6 to 8 h, and photographed with Kodak technical pan film.
We measured in vivo pollen tube growth 48 h after pollination, as described in Herrero and Dickinson ( 1979) Callose plugs were visualized by epifluorescence generated by excitation at 355-425 nm (D cube) and suppressing wavelength 460 nm from a Leitz Aristoplan Specimens were photographed with Ektachrome T 160 film, and prints made from an internegative.
Pollen viability was determined with the fluorochromatic procedure (FCR) (Heslop-Harrison and Heslop-Harrison 1970) by incubating freshly dehiscent pollen in a solution of carboxyfluorescein diacetate ( 1 m M) in germination media Epifluorescence was visualized as described above.
Histology
Anthers from a developmentally staged series of petunia buds ranging in length from 0 1 to 6 cm were harvested; fixed in 2 % paraformaldehyde, 1 25 % gluteraldehyde in Pipes, p H 7 2 ; and embedded in Spurrs resin; then I-gm sections were stained with toluidine blue We made photomicrographs with Kodak technical pan film.
Results
Fertility of Chalcone SynthaseDeficient Petunias
Napoli et al ( 1990) described two transgenic petunia plants ( 218 38 and 218 41) that produce pure white flowers after the introduction of an additional copy of the CHS gene In the transgenic petals, the combined (CHS m RNA from both endogenous and introduced genes was ,, the level detected in the untransforimed V 26 parelit or somatic revertants The V 26 inbred line can l)roduce url)le anthocyaninl pigmerits i leaves, steis, pedicles, styles, arnd anther filaments, as well as yellow chalcones ill developing anthers ( Figure  I ) In omparison, the transformed plants have o discernible flavonoid pigments ill any of these tissues ( Figure I ) The lack of visible pigment has been colnfirrled by HPLC analysis of methanolic extracts of transgenic pollen (Taylor LP and Nagel CW, manuscript in preparation) Normally, just prior to shedding, petunllia arnthers filled with mature ollen ulndlergo desiccation At dehiscence when the anther case ruptures longitudinally along the stomiiui, the dehydrated state of the tissue results in lthe two edges of the anther lobe curling back on one another to expose the pollen grains Close insl)ection of the nonpligllented transgenic plants reveals that, in the 48 Ii preceding dehiscence, the anthers shrink all average of 40 % in length an(l change ill color from creally-white to tan In coml)arison, the anthers of the nontransforrled parental line V 26 shrink only about 15 % and (lo not undergo a color change, remaining yellow throughout this period We have observed a wide variation in the frequency of dehiscent anthers ranging from zero to I 00 Y%, with the higher frequency associated with lowered relative humidity Although dehiscence may be slightly delayed relative to that in the V 26 parent, the CHS-deficient anthers do open to expose niornlal amounts of pollen, which does not appear as light or as Irial)le as V 26 pollen and remnailns clumpled within the anther case ( Figure 1 ) .
No seeds have ever resulted from our numerous attempts at self-pollination of the CHS-deficient progeny of 218 41 using either ( 1) pollen from shrunken, tan, dehiscent anthers or ( 2) pollen dissected from white, plump, pre-dehiscent anthers ( Table 1 , column 5) Self-crosses of the V 26 parent line produce on average 225 seeds per pod This translates to approximnately 17,000 possible seeds in the 75 transgenic petunia self-crosses that were attempted All the plants listed in Table 1 were tested for female fertility by pollinating stigmas with pollen from inbred line V 26 In all cases, pods were produced with the normal complement of seeds, indicating that the CHS-deficient plants are female fertile The reciprocal cross, transgenic CHS-deficient pollen onto V 26 stigmas, resulted in the production of varying quantities of seeds, as shown in Table 1 Of 37 crosses involving 10 different transgenic plants as male parents, 11 produced no pods, 20 produced pods with less than 150 seeds per pod, and six produced pods with greater than 150 seeds per pod This averages to approximately 60 seeds per pod, or a 70 % reduction in seed set These results indicate that while pollen Irom the CHS-deficient plants is nonfunctional on CHS-deficient stigmas, it is partially functional on wild-type stignlas, a state we term conditional male fertility (CMF) We cannot explain the wide variation in the number of seeds set per pollination in these outcrosses; possibly it is due to environmental and/or developmental factors.
It is unlikely that CMF is due to the insertion of T-DNA into a gene required for male fertility as two independent transformants, 218 38 and 218 41, both display the same features: a complete lack of flavonoid pigmentation and identical dominant male sterile phenotypes Additional evidence for this conclusion comes from the observations of Napoli et al ( 199 ( 0) that the transformed regenerants sometimes revert somatically to fully pigmented plants but retain the transgene, indicating that the presence of the transgene alone does not suppress endogenous CHS expression Further observation and crosses of these somatic revertants indicate that they are fully male fertile (Taylor LP and Jorgensen R, unpublished data). The possibility that a gene required for functional pollen is tightly linked to the endogenous CHS locus and is also suppressed by the transgene cannot be excluded Nevertheless, given the similarity with white pollen in maize, we believe that CMF in petunia is caused by a deficiency in flavonoids that results from a suppression of CHS gene expression.
In vivo Pollen Tube Growth
Petunia pollen tubes normally penetrate the stigma about I h after germination (Herrero and Dickinson 1980) and grow downward through the stylar tissue to deposit the two sperm cells in the embryo sac Callose is a polysaccharide polymer linked in ( 1 · 3) glycosidic linkages, and plugs of this material are normally deposited at regular intervals down the growing pollen tube Callose is visualized by its distinctive fluorescence after staining with decolorized aniline blue (Currier 1957 ; Eschrich and Currier 1964) We examined the germination and growth of pollen tubes At least our flowers on each plant listed were pollinated with V 26 pollen and all set full seed pods Average number seeds/pod 225
Flowers on other branches ol this plant had some purple pigment in the corolla. Figure 1 Anther phenotylpe of (A, B) (IS-deicielit plant )2425 1 alid of (C D) ibl)red( V 26 at 2 days prior to and at anthesis Magnification is IO x in sell-crosses of CHS-deficient flowers and in backcrosses of the same plants with V 26 Pollen Pistils were harvested 48 h after Pollination, stained with decolorized aniline blue, and examined by fluorescent microscopy (Figure 2 ) The regular pattern of callose deposits can be visualized all the way down the style in the squashes of CHS-deficient pistils pollinated by V 26 On the other hand, no callose call be seen in the istils of the self-pollinated petunias even though copious amounts of pollen are present on the stigma Either C(HS-deficient pollen does not produce pollen tubes or the growing tube does not deposit callose To distinguish between these two )possibilities we examined pollen germination and tul)e growth in vitro.
Pollen Morphology and Germination
A microscopic examination of freshly shed pollen from CHS-deficient plants did not reveal any gross abnormalities (data not shown) Petunia pollen readily germinates and produces a tube when incubated in a simple liquid medium We compared in vitro germinated pollen front V 26 to each of the BC'2 lanilies ( 2425 to 24:35) and a typical representative is shown ill Figure  3 After 6 h of growth many ultant pollen grains have attempted germination, as noted by the pronounced swelling around one of the germination pores (arrows Figure 3: ) but at most, only about 2 % of the pollen grains front the CHS-deficient plants produce a tube of any length Of the pollen grains that do produce measurable tubes, the length is less than 20 % that of V 26 pollen tubes growl under identical conditiolns.
To determine whether the pollen produced and shed by the CHS-deficient plants is viable and therefore capable of germination and pollen tube growth, we performed a fluorochromatic analysis (FCR) for viability on freshly shed transgenic and V 26 pollen This test depends on the uptake of a fluorescein diacetate compound into the pollen grain with subsequent conversion to fluorescein by intracellular enzynmes Fluoresceill is highly polar and remains sequestered, most likely in the vegetative cell cytoplasm, where it is visualized by fluorescent microscopy Inbred V 26 pollen consists of a high proportion (up to 40 %) of abnormally small, FCR negative grains that entirely lack any internal features Several grains of this type can be seen in panel A Figure 3 , including two in the center of the photograph This population never germinates and is most likely aborted grains Of the remaining grains ( 60 %), almost all show a positive FCR test, indicating the presence of intact plasma membranes and active cytoplasmic esterases (Heslop-Harrison et al. 1984) Pollen front the transgeniic anthers retains the high rol)ortion of shrunken.
aborted grains Of the remaining normalappearing grains, more than 90 % are FCR positive (data not shown) The fact that most of the pollen produced by the CHSdeficient plants is viable and metabolically active suggests that some aspect of CHS activity is required for normal pollen germination and tube growth.
Microscopic Observations of Anther Development
To determine if the lack of CHS activity during microsporogenesis alters the cellular architecture of the developing pollen grains or anther tissue, we compared pollen development in V 26 and CHS-deficient plant 02425 1 Anthers from a developmentally staged series of petunia flowers, ranging in size from O 1-cm buds to fully opened, mature, 6-cm flowers were fixed, sectioned, stained, and examined by light microscopy Histologically this represents all stages of microsporogenesis, from the earliest evidence of archesporial tissue differentiation to pre-dehiscent anthers filled with mature pollen Close attention was given to the development and subsequent disintegration of the tapetum as this tissue is thought to be the source of pollen flavonoids.
At all stages the transgenic anther and developing nmicrospores showed no gross histological differences when compared to V 26 (data not shown) Additional sections were taken from the CHS-deficient anthers during the transition front plump white to shrunken tan and compared to similar stages in V 26 (Figure 4 ) Before dehiscence the cells of the endothecial layer normally expand radially, thicken, and deposit material that is thought to be involved in the mechanism of anther rupture (Cutter 1978) This layer is not continuous as it is absent in the area surrounding the stontiunl The sections of the shrunken tan anthers show no gross abnormalities to the endothecial layer, stomium, or cuticle surrounding the anther However, when compared to V 26 pollen, a higher proportion of shrunken grains devoid of internal features are present in the locules of the transgenic anthers and the larger grains appear more heterogenous in size, shape, and staining reaction (compare sections in rows 3 and 4, Figure 4) This result is at odds with our examination of in vitro germinating pollen where we did not see this high proportion of heterogeneity and shrunken pollen (Figure 3) The discrepancy may be accounted for by the fact that pollen is normally shed in a highly dehydrated state and undergoes rapid rehydration on the stigma (Kerhoas et al. 1987) It may be that the CHS-deficient pollen is shed in a much more dehydrated state than normal, but that when placed in liquid germination medium it can rehydrate to a normal appearance.
Discussion
We have described an impairment of male function in a line of petunia that lacks flavonoids as a result of a deficiency in the enzyme chalcone synthase No gross abnormalities in pollen development are detected until immediately before dehiscence when the anther morphology deviates from normal in color, shape, and size At dehiscence the pollen remains clumped within the anther and, when viewed microscopically, a significant proportion of the grains in a locule appear more shrunken than normal Although viable pollen is produced and shed, pollen germination and tube growth are greatly impaired both in vivo and in vitro In addition to this functional male sterility, the CHS-deficient plants exhibit some aspects of self-incompatibility, as evidenced by the fact that the pollen can be partially rescued by stigmas of wild-type plants, but not by stigmas of CHS-deficient plants Although elements of both male sterility and self-incompatibility are evident, the features exhibited by pollen from the CHSdeficient petunias clearly constitute a unique state, which we term conditional male fertility (CMF) CMF resembles the maize CHS double mutant, c 2 whp (white pollen) In both cases, plants lacking CHS (and presumably flavonoids) appear normal except for two features: ( 1) a lack of flavonoid pigmentation and ( 2) the production of impaired pollen that is entirely dependent on wild-type pistils (stigma + style) in order to function Although Coe was able to get transmission of white pollen after pollinating silks expressing a dominant C 2 allele (Coe EH, personal communication; Maize Genetics Cooperation Newsletter 57, p 37, 1983) it occurred at a much lower frequency ( O 3 %) than we obtained with similar crosses in petunia Perhaps CHS-deficient petunia pollen is much more efficiently rescued than CHS-deficient maize pollen because it is much longer-lived than maize pollen. Unlike the CHS-deficient petunias described here maize white pollen germinlates o the silks and produces a pollen tube whose growth is arrested in the style (Modena S, personal communication; Maize Genetics Cooperation Newsletter 56, P 48, 1982 ; Taylor L P, unlpublished data). Additionally, the maize mutant pollen gernlinates in vitro and produces a tube nearly as long as wild-type pollen (Taylor LP, Unpubllished data) In contrast, pollen from the CHS-deficient petunia does not penetrate the stigma (Figure 2 ) nor does it produce a tube either in vivo or in vitro (FigUre 3) We suggest that this difference between maize and petunia may be exPlained by the physiological differences between tricellular (maize) and bicellular (Petunia) pollen Bicellular pollen has a low respiratory rate when shed, forms the Second sperm cell after shedding, may be on the stigma several hours before germnination, and has a low initial pollen tube growth rate (Hoekstra 1979 ; Mulcahy and Mulcahy 1988) Tricellular pollen undergoes the second mitotic division before anthesis, has a high respiratory rate when Shed, germinates within tninutes after contact with the stigmatic surface, and has a high initial growth rate Because tricellular Pollen is poised to grow rapidly after shedding, maize white pollen tubes grow to a significant length before any mechanism that arrests tube growth is effective Thus it is conceivable that the conditional male fertility associated with CHS deficiency in maize and petunia has a common physiOlogical basis.
At present, the physiological basis of this impairment is unclear It is possible that normal pollen development either requires flavonoid biosynthesis or is inhibited by phenylpropanoid precursors that might accumulate in plants blocked at the CHS biosynthetic step In addition, the fact that normal pistils can partially rescue the CHS-deficient pollen suggests that normal pistils either (a) provide a flavonoid required for maintenance of normal pollen function or (b) lack an inhibitory phenylpropanoid compound Theoretically, it could be possible to exploit the production of conditionally sterile pollen from the CHS-deficient plants to form the basis of an in vitro pollen rescue assay By incubating the transgenic pollen in germination solution supplemented with purified flavonoids or plant extracts and assaying for enhanced germination frequency and pollen tube growth, we can determine the compounds required for pollen function. CMF associated with CHS deficiency has been reported only in petunia and maize. Ii there is a general requirement for CHS function in normal pollen development, one would expect that CHS deficiency in other plant species would also be associated with impaired male fertility Although CHS mutations have been identified in several other species, including Antirrhinum Matthiola, Dianthus, and Gerhera (Forkmann 1988) , to our knowledge none are associated with male sterility In all cases the mutations were identified by their effect on flower color In many plant species including petunia, maize, and bean (Phaseolus vulgaris), CHS genes are present in multiple copies that are differentially regulated (Hahlbrock and Scheel 1989 and references therein; Koes et al. 1989) Thus there is no reason to expect that CHS deficiency in flower petals is predictive of CHS deficiency in anthers and pollen Further characterization of CHS mutants in other species is needed in order to determine the generality of the observations that have been made in maize and petunia.
In flowering plants with alternating generations, the diploid sporophyte produces haploid spores that grow and divide mitotically to produce the gametophyte Part of the gametophytic life cycle occurs while the developing pollen spore is in intimate contact with the surrounding sporophytic tissue This arrangement has the potential for diploid-haploid interactions In heterozygous plants this interaction would also include haploid-haploid communication between the two types of gametophytes, as represented in Figure 5 The fact that the petunia CHS-deficient male sterility described here is genetically dominant whereas the maize white pollen male sterility is genetically recessive leads to an interesting conclusion regarding whether the gametophyte or the sporophyte is responsible for the effect In maize, male sterility is expressed only in plants homozygous recessive for both CHS genes, C 2 and Whp Heterozygotes with either a single functional copy of C 2 or Whp produce 100 % yellow, fertile pollen grains (Coe et al 1981 ; Taylor LP, unpublished data) . Thus, one can conclude that in the heterozygote either the CHS-positive sporophyte or the 50 % CHS-positive gametophytes influence the expression of fertility in the CHS-negative gametophytes In the transgenic petunia, male sterility is associated with a dominant trait and pollen produced by the heterozygous plants is Figure 4 Developmentally identical anther sections from inbred V 26 (left column) and CHS-deficient plant 02425 1 (right column) ( 1) Whole anther sections immediately before dehiscence when CHS-deficent anthers are tan and shrunken; Bar = 200 m; ( 2) Anther sections 48 h before dehiscence when transgenic anthers are plump and white; ( 3) Anther sections as in 1 ; sections In rows 2 and 3 at the same magnification Bar 50 Am; ( 4) Mature pollen at dehiscence Bar 15 pm Anthers were harvested, fixed, embedded, transversely sectioned, and stained with toluidine blue as described in the Materials and Methods p = pollen; e endothecium; Sstomium.
100 % male sterile In this case sterility must be caused either by inhibition of the CHSpositive gametophytes by the CHS-suppressed gametophytes or by CHS deficiency in the transgenic sporophyte ( Figure 5 ). We have argued that the physiological basis for CHS deficiencies causing male sterility may be the same in maize and pe- tunia If so, we would conclude that in both species it is the sporophyte, rather than the gametophyte, that causes the sterile phenotype.
